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There are strong similarities between charge-parity (CP) violating observables in hadronic B
decays (in particular ∆A−CP in B → Kpi) and direct CP violation in Kaon decays (′): All these
observables are very sensitive to new physics (NP) which is at the same time CP and isospin violating
(i.e. NP with complex couplings which are different for up quarks and down quarks). Intriguingly,
both the measurements of ′ and ∆A−CP show deviations from their Standard Model predictions,
calling for a common explanation (the latter is known as the B → Kpi puzzle). For addressing this
point, we parametrize NP using a gauge invariant effective field theory approach combined with a
global U(2)3 flavor symmetry in the quark sector (also known as less-minimal flavour violation).
We first determine the operators which can provide a common explanation of ′ and ∆A−CP and
then perform a global fit of their Wilson coefficients to the data from hadronic B decays. Here
we also include e.g. the recently measured CP asymmetry in Bs → KK as well as the purely
isospin violating decay Bs → φρ0, finding a consistent NP pattern providing a very good fit to data.
Furthermore, we can at the same time explain ′/ for natural values of the free parameters within
our U(2)3 flavour approach, and this symmetry gives interesting predictions for hadronic decays
involving b→ d transitions.
I. INTRODUCTION
Even though the Standard Model (SM) of particle
physics has been tested to an astonishing precision within
the last decades, it cannot be the ultimate theory de-
scribing the fundamental constituents and interactions
of matter. For example, in order to generate the matter
anti-matter asymmetry of the universe, the Sakharov cri-
teria [1] must be satisfied. One of these requirements is
the presence of CP violation, which is found to be far too
small within the SM [2–7] whose only source of CP vi-
olation is the phase of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix. Therefore, physics beyond the SM with
additional sources of CP violation is needed.
Thus, CP violating observables are promising probes
of new physics (NP) as they could test the origin of the
matter anti-matter asymmetry of the universe. In this
respect, direct CP violation in Kaon decays (′/) is es-
pecially relevant, as it is very suppressed in the SM, ex-
tremely sensitive to NP and can therefore test the multi
TeV scale [8]. Furthermore, recent theory calculations
from lattice and dual QCD [9–12] show intriguing ten-
sions between the SM prediction and the experimental
measurement. In order to explain this tension,1 NP must
not only violate CP but in general also isospin [18] (i.e.
couple differently to up quarks as to down quarks) in
order to give a sizeable effect in ′/ [19].
Interestingly, there are also tensions between theory
1 Calculations using chiral perturbation theory [13–17] are consis-
tent with the experimental value but have large errors.
and data concerning CP violation in hadronic B me-
son decays, including the long-standing B → Kpi puz-
zle [20–25]. Recently, LHCb data [26] increased this ten-
sion [27, 28], and also the newly measured CP asymmetry
in Bs → K+K− [26] points towards additional sources of
CP violation, renewing the theoretical interest in these
decays [29, 30]. Like for ′/, both CP and isospin viola-
tion are in general required for solving this tension. This
can be achieved with NP in electroweak penguin oper-
ators [31–33] that may for instance be generated in Z ′
models [34, 35]. Furthermore, the same NP effects can
be tested in the theoretically clean purely isospin violat-
ing decays Bs → φρ0 and Bs → φpi0 [21, 36–38] where
the former one has been measured recently [39], putting
additional constraints on the parameter space.
These intrinsic similarities between ′/ and hadronic
B decays suggest a common origin of the deviations from
the SM predictions resulting in correlations among them.
This can be studied in a model independent way within
an effective field theory (EFT) approach. In order to
connect ′/ (s → d transitions) to hadronic B decays
(b → s, d transitions) a flavour link is obviously neces-
sary. Here, we assume a global U(2)3 flavor symmetry
in the quark sector [40–46].2 As we will see, this flavour
symmetry yields the desired flavour structure for the Wil-
son coefficients: it predicts a large phase (equal to the
2 The U(2)3 flavour symmetry is analogous to Minimal Flavour
Violation [47–49] (MFV) which uses a global U(3)3 flavour sym-
metry instead [50]. However, U(3)3 flavour is anyway strongly
broken by the third generation Yukawa couplings to U(2)3.
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2CKM phase) in Kaon decays, and the effect in B physics
only differs by a relative order one factor (if the corre-
sponding CKM elements are factored out) but contains
an additional free phase.
II. SETUP AND OBSERVABLES
Here we discuss our setup and the predictions for the
observables. The strategy for this is the following: We
will start with ′/ where we want to explaining the dif-
ference between experiment and the SM prediction. This
will allow us to restrict ourselves to the limited set of op-
erators which are capable of achieving this. We will then
move to hadronic B decays, pointing out the striking sim-
ilarities with ′/, and then establish our U(2)3 flavour
setup.
The experimental value for direct CP violation in Kaon
decays [51–53],
(′/)exp = (16.6± 2.3)× 10−4 , (1)
lies significantly above the SM prediction from lattice
QCD [10–12] which is in the range (′/)SM ' (1 − 2) ×
10−4, with an error of the order of 5×10−4. Note that the
lattice estimate is consistent with the estimated upper
limit from dual QCD [9].
In the past years, many NP explanations of the ′/ dis-
crepantly have been put forward (see e.g. [54–74]). Since
here we want to perform an EFT analysis we consider
the impact of the operators listed in Ref. [19]. First of
all, one sees that there are eight operators (plus their chi-
rality flipped counter parts) which give numerically large
effects in ′/. We will focus on these operators in the
following since, requiring an explanation of ′/, the NP
scale for the other operators must be so low that it would
be in conflict with direct LHC searches. Furthermore –
since we will consider a U(2)3 setup – the Wilson coeffi-
cients of scalar and tensor operators contributing to Kaon
physics are suppressed by the corresponding tiny Yukawa
couplings of the first and second generation. Therefore,
we are left with the Lagrangian
L′/ = CV LRq OV LRq + C˜V LRq O˜V LRq + L↔ R (2)
with q = u, d and the operators
OV LRq = (s¯αγ
µPLdα)(q¯βγµPRqβ) ,
O˜V LRq = (s¯αγ
µPLdβ)(q¯βγµPRqα) ,
(3)
plus their chirality flipped counterparts. Here, α and β
are color indices and therefore OV LRq (O˜
V LR
q ) is a color
singlet (triplet) operator. However, noting that one needs
a violation of isospin (which is conserved in the left-
handed quark current due to SU(2)L gauge invariance)
we can omit the operators with flipped chiralities and the
NP contribution to ′/ is approximately given by [19, 72](
′

)
NP
≈ 1 TeV2(124 Im(CV LRd − CV LRu )
+432 Im(C˜V LRd − C˜V LRu )
)
.
(4)
for a NP scale of 1 TeV.3
As outlined in the introduction, we want to study cor-
relations between hadronic B decays and ′/ using a
U(2)3 flavour symmetry. In particular we want to ad-
dress the B → Kpi puzzle. Here the experimental value
for
∆A−CP ≡ ACP(B− → pi0K−)−ACP(B¯0 → pi+K−) , (5)
is [75]
∆A−CP|exp = (12.4± 2.1)% , (6)
which deviates from the SM prediction [37]
∆A−CP|SM = (1.8+4.1−3.2)% , (7)
at the 2σ level.4 In addition, one has to take into account
also other CP asymmetries and total branching rations
of hadronic B decays involving b → s transitions. Here,
the experimental measurements of [26, 39]
ACP[Bs → K+K−]exp = (−20.0± 6.0± 2.0)% , (8)
Br[Bs → φρ0]exp = (2.7± 0.7± 0.2± 0.2)× 10−7 ,
which agree with the SM predictions
ABsCP|SM = (−5.9+26.6−5.1 )% ,
Br[Bs → φρ0]SM = (5.3+1.8−1.3)× 10−7 ,
(9)
at the 1–2 σ level, are two of the most important exam-
ples in with respect to SM accuracy and experimental
precision.
For hadronic B decays it is standard to use the effective
Hamiltonian
HNPeff = −
4GF√
2
VtbV
∗
ts
∑
q=u,d,s,c
(Cq5O
q
5 + C
q
6O
q
6)+h.c. , (10)
3 Here we took again into account that for an enhanced effect NP
should be isospin violating and neglected small isospin conserving
contributions in the numerical factors.
4 Ref. [76] performed a fit to all B → piK data and finds that the
p-value crucially depends on the ratio of the color-suppressed to
the color-allowed tree amplitudes. Since an acceptably good fit
can be achieved if this ratio is somewhat larger than what is
predicted from QCD factorization it is not absolutely clear that
B → piK data points to NP, but it certainly leaves room for it.
In the following we will investigate how NP can account for the
measurement.
3for b→ s transitions where the four-quark operators are
defined as
Oq5 = (s¯αγ
µPLbα) (q¯βγµPRqβ),
Oq6 = (s¯αγ
µPLbβ) (q¯βγµPRqα) .
(11)
The corresponding expressions for b → d transitions fol-
low by replacing s¯ with d¯ and VtbV
∗
ts by VtbV
∗
td. Here,
we consider only the operators motivated by ′/, as dis-
cussed in the last subsection, and neglect the numerically
very small contributions of q = c, s in Eq. (10). Under
the assumption of a global U(2)3 flavour symmetry (to
be discussed later on) the NP Wilson coefficients carry a
common new weak phase φ and we parameterise them as
Cd,u5 = c
d,u
5 e
iφ , Cd,u6 = c
d,u
6 e
iφ . (12)
Like for ′/, the leading effect which is necessary to
account for the Kpi puzzle is isospin violating. This can
be easily seen by using an intuitive notation, similar to
the one used in Ref. [37]. We parameterize the NP contri-
bution to Kpi decays in terms of rqNP (r
A,q
NP ), representing
the ratio of NP penguin (annihilation) amplitudes with
respect to the dominant QCD penguin amplitude of the
SM. Therefore, one has for instance
∆A−CP ' −2Im(rC) sin γ (13)
+ 2
[
Im(rdNP)− Im(ruNP) + Im(rA,dNP )− Im(rA,uNP )
]
sinφ,
where rC originating from the color suppressed tree
topology amplitude of the SM. Here γ is the CKM phase
defined as Vub = |Vub|e−iγ and φ a generic weak phase
of the NP contribution. We see that isospin violation
is needed to get an effect in ∆A−CP. Thus, interesting
effects are expected in other hadronic B decays sensi-
tive to isospin violations, such as the analogues of ∆A−CP
with PV (pseudo-scalar and vector) and V V (two vec-
tor) mesons in the final state (e.g. decays in which one
replaces pi and K in eq. (5) with ρ or K∗). Furthermore,
an equivalent difference of direct CP asymmetries con-
structed for Bs → KK decays, i.e. ∆AKKCP ≡ ACP(B¯s →
K¯0K0)−ACP(B¯s → K−K+), and the purely isospin vi-
olating decays Bs → φpi0 and Bs → φρ0 are sensitive to
isospin violating NP as well.
The amplitudes of hadronic B decays, like the ones in-
volved in ratios rqNP and r
A,q
NP in Eq. (13) contain strong
phases originating from QCD effects. These phases can
be calculated at next-to-leading order using QCD factori-
sation [77–79]. This calculation is rather technical and
involves many input parameters (see e.g. Refs. [37, 80] for
a detailed discussion on the calculation of NP operators
matrix elements in the context of QCD factorisation).
Thus we provide here semi-numerical formulas which de-
scribe the NP effect in the observables in appendix A
based on Eq. (12) as input. However, these formula only
serve as an illustration of impact of NP while in the phe-
nomenological analysis we will perform a global fit (in-
cluding also theory errors of the NP contributions), as
done in Ref. [37], to take all measurements consistently
into account.
Let us now turn to the connection between ′/ and
hadronic B decays. For this we consider the SU(2)L
invariant operators [81, 82]
LSMEFT = 1
Λ2
(
C
(1)ijkl
Qq O
(1)ijkl
Qq + C
(3)ijkl
Qq O
(3)ijkl
Qq
)
(14)
with
O
(1)ijkl
Qq = Q¯
α
i γ
µPLQ
α
j q¯
β
kγµPRq
β
l ,
O
(3)ijkl
Qq = Q¯
α
i γ
µPLQ
β
j q¯
β
kγµPRq
α
l ,
(15)
where i, j, k, l are flavour indices, q = u, d and Q stands
for the quark SU(2)L doublet. Depending on the flavour
structure, these operators enter ′/ or hadronic B de-
cays.
Now, we employ the U(2)3 flavour symmetry in the
quark sector in order to link Wilson coefficients with dif-
ferent flavours to each other. First of all, note that with
respect to the right-handed current we are only interested
in the flavour diagonal couplings to u, d and do not need
to consider the couplings to heavier generations due to
their suppressed effects in the observables. Concerning
the left-handed current, U(2)3 flavour with a minimal
spurion sector predicts that s → d transitions are pro-
portional to V ∗tsVtd while b → s(d) are proportional to
V ∗ts(d)Vtb and the relative effect is governed by an order
one factor xB and a free phase φ [45]. Thus, Eq. (15) can
be written as
C
(a)2111
Qq = VtdV
∗
tsc
(a)
q
C
(a)2311
Qq = VtbV
∗
tsxBe
iφc(a)q
C
(a)1311
Qq = VtbV
∗
tdxBe
iφc(a)q
(16)
with a = 1, 3 (denoting the color singlet and triplet struc-
ture) and q = u, d. Note that due to the hermiticity of
the operators in Eq. (15) c
(1,3)
q must be real and that
conventional MFV (based on U(3) flavour) is obtained
in the limit φ → 0 and xB → 1. Therefore, using MFV
instead of U(2)3 would provide an effect in ′/ but no
source of CP violation in hadronic B decays.
With these conventions we obtain for the Wilson coef-
ficients entering ′/ and hadronic B decays
CV LRq =
V ∗tsVtdc
(1)
q
Λ2
, C˜V LRq =
VtsV
∗
tdc
(3)
q
Λ2
, (17)
Cq5 =
√
2
4GFΛ2
xBe
iφc(1)q , C
q
6 =
√
2
4GFΛ2
xBe
iφc(3)q .
III. PHENOMENOLOGICAL ANALYSIS
Here we present the results of the global fit to the
data from hadronic B decays. Taking into account that
4� � � � �
-�
-�
-�
�
�
�
�
��· (ϵ�/ϵ)�� ·���
ϕ B→πK 1σBs→ρϕ 1σ
Combined 1σ
Combined 2σ
� � � � �
-�
-�
-�
�
�
�
�
��· (ϵ�/ϵ)�� ·���
ϕ
FIG. 1. Preferred regions from hadronic B decays in the xB× (′/)NP/10−3 vs. φ plane for the color singlet case (1) on the left
and the color triplet case (3) on the right. The preferred regions are obtained by marginalizing over −0.12 < z(1) < 0.12, and
−0.04 < z(3) < 0.04. Note that all regions overlap at the 1σ level, resulting in a very good global fit (black bounded regions).
Furthermore, one can explain the tensions in hadronic B decays for an effect around 10−3 in ′/ (as suggested by the tension
between SM and experiment) for xB being of order one (as required by U(2)
3 flavour).
NP must have a common weak phase φ originating from
U(2)3 symmetry breaking we define
x(a) ≡ c(a)d − c(a)u , z(a) ≡ c(a)d + c(a)u , (18)
for future convenience where x(a) (z(a)) parametrizes the
isospin violating (conserving) effects. Marginalizing over
z(a) in the ranges from −0.12 < z(1) < 0.12, and −0.04 <
z(3) < 0.04 we have three degrees of freedom for both the
singlet scenario (1) and the triplet scenario (3). While
the χ2 of the SM is 18.8, the best fit points for our two
scenarios are
xBx
(1) = 0.306 , xBz
(1) = −0.12 ,
xBx
(3) = 0.144 , xBz
(3) = −0.04 ,
(19)
with a phase of
φ(1) = 157.6◦ , φ(3) = 169.0◦ , (20)
and
∆χ2(1) = 16.5 , ∆χ2(3) = 13.7 . (21)
This corresponds to pulls of 3.3σ for (1) and 2.9σ (3)
with respect to the SM. Let us also consider the case
in which z(a) = 0, which corresponds to the scenario of
maximal isospin violation. In this case the best fit points
are xBx
(1) = 0.312, φ(1) = 163.3◦, and xBx(3) = 0.142,
φ(3) = −146.1◦. The χ2 difference with respect to the
SM are now ∆χ2(1) = 15.3 and ∆χ2(3) = 12.9, which
corresponds to pulls of 3.5σ for (1) and 3.0σ for (3) with
respect to the SM for two degrees of freedom.
Now, we can correlate hadronic B decays to ′/. For
this we observe that the NP contribution to ′/ can be
directly expressed in terms of x(a) as(
′

)
NP
≈ 0.018x
(1)
(Λ/TeV)2
,
(
′

)
NP
≈ 0.062x
(3)
(Λ/TeV)2
, (22)
for the color singlet and triplet case, respectively. Note
that the phase of the contribution to ′/ is fixed by
the U(2)3 flavour symmetry such that φ only enters in
hadronic B decays. Furthermore, z(a) is not correlated to
′/ where only the difference x(a) enters and just a free
parameter over which we will marginalize as described
above. Therefore, we can express x(a) in terms of the NP
contribution to ′/ and show the effects in hadronic B
decays as a function of xB × (′/)NP/10−3 and φ.
The corresponding result is depicted in Fig. 1 where the
preferred regions from hadronic B decays are displayed.
Note that all regions are consistent with each other (i.e.
all overlap at the 1σ level), such that one can account
for the deviations (mainly in ACP[Bs → K+K−]exp and
∆A−CP) without violating bounds from other observables.
From Fig. 1 one can also see that a natural order one
value of xB can not only account the tensions in hadronic
B decays but also give a NP contribution to ′/ of the
order of 10−3 as needed to explain the tension.
In Fig. 2 we show the predictions for various (differ-
ences of) CP asymmetries within the SM compared to
the one of the best fit points for the two scenarios as
well as and the corresponding experimental results. We
use our U(2)3 flavour symmetry to give predictions for
hadronic B decays involving b → d transitions as well.
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FIG. 2. Predictions for differences of direct CP asymmetries. The first four observables are defined in Eq. (A1) and involve
b→ s transitions while the following four are b→ d transitions, predicted via the U(2)3 flavour symmetry. The last observable
∆AKKCP is defined in Eq. (A4). It involves a b→ s transition but no experimental result is available yet.
Although the fit clearly indicates isospin violating NP as
the preferred solution to the ∆ACP problem, we notice
that the errors of the theory predictions are still quite
large, calling for future improvements in the calculational
methods. Similarly, a clearer picture could be obtained
with more precise experimental measurements, in partic-
ular for the PV and V V decay modes.
IV. CONCLUSIONS AND OUTLOOK
In this article we pointed out intrinsic analogies be-
tween ′/ and CP violation in hadronic B decays, in
particular ∆A−CP: These observables are all sensitive to
4-quark operators with flavour changing neutral currents
in the down sector and test the combined effects of CP
and isospin violation. Therefore, the B → Kpi puzzle
increases the interest in ′/ and vice versa, calling for a
combined explanation.
After identifying the two operators which are capable
of explaining the ′/ anomaly within an U(2)3 flavour
setup we performed a global fit to the data from hadronic
B decays. We find that both operators provide a consis-
tent pattern in hadronicB decays resulting in a very good
fit which is more than 3σ better than the one of the SM.
Furthermore, the U(2)3 flavour symmetry is consistent
with a common explanation of the anomalies in ′/ and
hadronic B decays, providing at the same time interest-
ing predictions for hadronic decays involving b→ d tran-
sitions (such as B → K+K− and B → pipi) which can be
tested experimentally in the near future by LHCb. How-
ever, further progress of the theory side is crucial in order
to improve the precision of the theoretical results.
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Appendix A: Additional non-leptonic decay
observables
In this appendix we collect semi-numerical formulae for
other non-leptonic decay observables which are sensitive
to isospin violating NP for the case of an U(2)3 flavour
symmetry. First of all, we list results for ∆A−CP, and
the corresponding observable obtained for PV and V V
decays. One has
∆A−,piKCP ' 0.02+0.04−0.03 +
[
13(cd5 − cu5 ) + 34(cd6 − cu6 )
]
sinφ− [2(cd5 − cu5 ) + 5(cd6 − cu6 )] cosφ,
∆A−,ρKCP ' 0.11+0.11−0.45 +
[
21(cd5 − cu5 ) + 39(cd6 − cu6 )
]
sinφ− [12(cd5 − cu5 ) + 10cd6 − 1.1cu6] cosφ,
∆A−,piK
∗
CP ' 0.09+0.23−0.29 +
[
23(cd5 − cu5 ) + 45(cd6 − cu6 )
]
sinφ+
[− 6cd5 + 8cu5 − 2cd6 + 7cu6] cosφ,
∆A−,ρK
∗
CP ' 0.01+0.15−0.10 +
[
(cd5 − cu5 )− 20cd6 + 25cu6
]
sinφ− [10(cd5 − cu5 ) + 2.5cd6 + 2.5cu6] cosφ.
(A1)
6These formulae already include the evolution of the Wil-
son coefficients Cu5,6 and C
d
5,6 in Eq. (10) from the elec-
troweak scale to the scale mB and the numerical eval-
uation of the matrix elements using QCD factorization.
Note also that the term ∝ cosφ in the direct CP asym-
metries Eq. (A1) originate from the interference between
amplitudes proportional to γ and φ.
Next, we consider Bs → KK and related V V decays.
The CP observable in eq. (8) ACP[Bs → K+K−] is given
by
ACP[Bs → K+K−] ' −0.06+0.27−0.05 +
[− 0.3cd5 + 2.6cu5 − 1.6cd6 + 7.1cu6] sinφ+ [− 0.75cu5 + 0.2cd6 − 2.3cu6] cosφ . (A2)
More sensitive to isospin violation is the difference of direct CP asymmetries
∆AKKCP ≡ ACP(B¯s → K¯0K0)−ACP(B¯s → K−K+) , (A3)
and the equivalent difference defined for V V modes. One has
∆AKKCP ' 0.06+0.05−0.26 +
[
3
(
cd5 − cu5
)
+ 9
(
cd6 − cu6
)]
sinφ+
[
cu5 + 2c
u
6
]
cosφ,
∆AK
∗K∗
CP ' −0.32+0.39−0.05 +
[
(cd5 − cu5 )− 4cd6 + 3cu6
]
sinφ+
[
0.3cu5 − 0.5cd6 − 2.0cu6
]
cosφ.
(A4)
Last, we have the Bs decays to pi, φ and ρ, φ, for which we have
Br[Bs → φpi0] '
{
0.18+0.06−0.05 −
[
25
(
cd5 − cu5
)
+ 8
(
cd6 − cu6
)]
cosφ− [10(cd5 − cu5)+ 2(cd6 − cu6)] sinφ}× 10−6,
Br[Bs → φρ0] '
{
0.53+0.18−0.13
[
56
(
cd5 − cu5
)
+ 18
(
cd6 − cu6
)]
cosφ+
[
22
(
cd5 − cu5
)
+ 6
(
cd6 − cu6
)]
sinφ
}
× 10−6 .
(A5)
[1] A. D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967),
[Usp. Fiz. Nauk161,no.5,61(1991)].
[2] A. G. Cohen, D. B. Kaplan, and A. E. Nelson, Ann. Rev.
Nucl. Part. Sci. 43, 27 (1993), arXiv:hep-ph/9302210
[hep-ph].
[3] M. B. Gavela, P. Hernandez, J. Orloff, and O. Pene,
Mod. Phys. Lett. A9, 795 (1994), arXiv:hep-ph/9312215
[hep-ph].
[4] P. Huet and E. Sather, Phys. Rev. D51, 379 (1995),
arXiv:hep-ph/9404302 [hep-ph].
[5] M. B. Gavela, M. Lozano, J. Orloff, and O. Pene, Nucl.
Phys. B430, 345 (1994), arXiv:hep-ph/9406288 [hep-ph].
[6] M. B. Gavela, P. Hernandez, J. Orloff, O. Pene, and
C. Quimbay, Nucl. Phys. B430, 382 (1994), arXiv:hep-
ph/9406289 [hep-ph].
[7] A. Riotto and M. Trodden, Ann. Rev. Nucl. Part. Sci.
49, 35 (1999), arXiv:hep-ph/9901362 [hep-ph].
[8] A. J. Buras, D. Buttazzo, J. Girrbach-Noe, and R. Kneg-
jens, JHEP 11, 121 (2014), arXiv:1408.0728 [hep-ph].
[9] A. J. Buras and J.-M. Ge´rard, JHEP 12, 008 (2015),
arXiv:1507.06326 [hep-ph].
[10] A. J. Buras, M. Gorbahn, S. Ja¨ger, and M. Jamin, JHEP
11, 202 (2015), arXiv:1507.06345 [hep-ph].
[11] Z. Bai et al. (RBC, UKQCD), Phys. Rev. Lett. 115,
212001 (2015), arXiv:1505.07863 [hep-lat].
[12] T. Kitahara, U. Nierste, and P. Tremper, JHEP 12, 078
(2016), arXiv:1607.06727 [hep-ph].
[13] V. Cirigliano, G. Ecker, H. Neufeld, A. Pich, and J. Por-
toles, Rev. Mod. Phys. 84, 399 (2012), arXiv:1107.6001
[hep-ph].
[14] A. Pich, in Proceedings, 32nd International Confer-
ence on High Energy Physics (ICHEP 2004): Beijing,
China, August 16-22, 2004. Vol. 1+2 (2004) arXiv:hep-
ph/0410215 [hep-ph].
[15] E. Pallante, A. Pich, and I. Scimemi, Nucl. Phys. B617,
441 (2001), arXiv:hep-ph/0105011 [hep-ph].
[16] H. Gisbert and A. Pich, Rept. Prog. Phys. 81, 076201
(2018), arXiv:1712.06147 [hep-ph].
[17] H. Gisbert and A. Pich, Proceedings, 21st High-Energy
Physics International Conference in Quantum Chromo-
dynamics (QCD 18): Montpellier, France, July 2-6,
2018, Nucl. Part. Phys. Proc. 300-302, 137 (2018),
arXiv:1810.04904 [hep-ph].
[18] G. C. Branco, J. M. Frere, and J. M. Gerard, Nucl. Phys.
B221, 317 (1983).
[19] J. Aebischer, C. Bobeth, A. J. Buras, J.-M. Ge´rard,
and D. M. Straub, Phys. Lett. B792, 465 (2019),
arXiv:1807.02520 [hep-ph].
[20] M. Gronau and J. L. Rosner, Phys. Rev. D59, 113002
(1999), arXiv:hep-ph/9809384 [hep-ph].
[21] A. J. Buras, R. Fleischer, S. Recksiegel, and F. Schwab,
Eur. Phys. J. C32, 45 (2003), arXiv:hep-ph/0309012
[hep-ph].
[22] A. J. Buras, R. Fleischer, S. Recksiegel, and
F. Schwab, Phys. Rev. Lett. 92, 101804 (2004),
arXiv:hep-ph/0312259 [hep-ph].
[23] A. J. Buras, R. Fleischer, S. Recksiegel, and F. Schwab,
Nucl. Phys. B697, 133 (2004), arXiv:hep-ph/0402112
[hep-ph].
[24] S. Baek and D. London, Phys. Lett. B653, 249 (2007),
arXiv:hep-ph/0701181 [hep-ph].
[25] R. Fleischer, S. Recksiegel, and F. Schwab, Eur. Phys.
J. C51, 55 (2007), arXiv:hep-ph/0702275 [HEP-PH].
[26] R. Aaij et al. (LHCb), Phys. Rev. D98, 032004 (2018),
7arXiv:1805.06759 [hep-ex].
[27] R. Fleischer, R. Jaarsma, and K. K. Vos, Phys. Lett.
B785, 525 (2018), arXiv:1712.02323 [hep-ph].
[28] R. Fleischer, R. Jaarsma, E. Malami, and K. K. Vos,
Eur. Phys. J. C78, 943 (2018), arXiv:1806.08783 [hep-
ph].
[29] A. Datta, D. Sachdeva, and J. Waite, (2019),
arXiv:1905.04046 [hep-ph].
[30] G. Faisel and J. Tandean, Phys. Rev. D99, 075007
(2019), arXiv:1810.11437 [hep-ph].
[31] R. Fleischer, Phys. Lett. B365, 399 (1996), arXiv:hep-
ph/9509204 [hep-ph].
[32] R. Fleischer, S. Jager, D. Pirjol, and J. Zupan, Phys.
Rev. D78, 111501 (2008), arXiv:0806.2900 [hep-ph].
[33] S. Baek, C.-W. Chiang, and D. London, Phys. Lett.
B675, 59 (2009), arXiv:0903.3086 [hep-ph].
[34] V. Barger, L. L. Everett, J. Jiang, P. Langacker,
T. Liu, and C. E. M. Wagner, JHEP 12, 048 (2009),
arXiv:0906.3745 [hep-ph].
[35] V. Barger, L. Everett, J. Jiang, P. Langacker, T. Liu,
and C. Wagner, Phys. Rev. D80, 055008 (2009),
arXiv:0902.4507 [hep-ph].
[36] R. Fleischer, Phys. Lett. B332, 419 (1994).
[37] L. Hofer, D. Scherer, and L. Vernazza, JHEP 02, 080
(2011), arXiv:1011.6319 [hep-ph].
[38] L. Hofer and L. Vernazza, in 7th International Workshop
on the CKM Unitarity Triangle (CKM 2012) Cincin-
nati, Ohio, USA, September 28-October 2, 2012 (2012)
arXiv:1212.4785 [hep-ph].
[39] R. Aaij et al. (LHCb), Phys. Rev. D95, 012006 (2017),
arXiv:1610.05187 [hep-ex].
[40] R. Barbieri, G. R. Dvali, and L. J. Hall, Phys. Lett.
B377, 76 (1996), arXiv:hep-ph/9512388 [hep-ph].
[41] R. Barbieri, L. J. Hall, and A. Romanino, Phys. Lett.
B401, 47 (1997), arXiv:hep-ph/9702315 [hep-ph].
[42] R. Barbieri, P. Campli, G. Isidori, F. Sala, and D. M.
Straub, Eur. Phys. J. C71, 1812 (2011), arXiv:1108.5125
[hep-ph].
[43] R. Barbieri, G. Isidori, J. Jones-Perez, P. Lodone,
and D. M. Straub, Eur. Phys. J. C71, 1725 (2011),
arXiv:1105.2296 [hep-ph].
[44] A. Crivellin, L. Hofer, and U. Nierste, Proceedings, 21st
International Europhysics Conference on High energy
physics (EPS-HEP 2011): Grenoble, France, July 21-27,
2011, PoS EPS-HEP2011, 145 (2011), arXiv:1111.0246
[hep-ph].
[45] R. Barbieri, D. Buttazzo, F. Sala, and D. M. Straub,
JHEP 07, 181 (2012), arXiv:1203.4218 [hep-ph].
[46] R. Barbieri, D. Buttazzo, F. Sala, and D. M. Straub,
JHEP 10, 040 (2012), arXiv:1206.1327 [hep-ph].
[47] R. S. Chivukula, H. Georgi, and L. Randall, Nucl. Phys.
B292, 93 (1987).
[48] L. J. Hall and L. Randall, Phys. Rev. Lett. 65, 2939
(1990).
[49] A. J. Buras, P. Gambino, M. Gorbahn, S. Jager, and
L. Silvestrini, Phys. Lett. B500, 161 (2001), arXiv:hep-
ph/0007085 [hep-ph].
[50] G. D’Ambrosio, G. F. Giudice, G. Isidori, and
A. Strumia, Nucl. Phys. B645, 155 (2002), arXiv:hep-
ph/0207036 [hep-ph].
[51] J. R. Batley et al. (NA48), Phys. Lett. B544, 97 (2002),
arXiv:hep-ex/0208009 [hep-ex].
[52] A. Alavi-Harati et al. (KTeV), Phys. Rev. D67,
012005 (2003), [Erratum: Phys. Rev.D70,079904(2004)],
arXiv:hep-ex/0208007 [hep-ex].
[53] E. Abouzaid et al. (KTeV), Phys. Rev. D83, 092001
(2011), arXiv:1011.0127 [hep-ex].
[54] A. J. Buras and F. De Fazio, JHEP 03, 010 (2016),
arXiv:1512.02869 [hep-ph].
[55] A. J. Buras and F. De Fazio, JHEP 08, 115 (2016),
arXiv:1604.02344 [hep-ph].
[56] C. Bobeth, A. J. Buras, A. Celis, and M. Jung, JHEP
07, 124 (2017), arXiv:1703.04753 [hep-ph].
[57] M. Endo, T. Kitahara, S. Mishima, and K. Yamamoto,
Phys. Lett. B771, 37 (2017), arXiv:1612.08839 [hep-ph].
[58] C. Bobeth, A. J. Buras, A. Celis, and M. Jung, JHEP
04, 079 (2017), arXiv:1609.04783 [hep-ph].
[59] M. Blanke, A. J. Buras, and S. Recksiegel, Eur. Phys. J.
C76, 182 (2016), arXiv:1507.06316 [hep-ph].
[60] A. J. Buras, D. Buttazzo, and R. Knegjens, JHEP 11,
166 (2015), arXiv:1507.08672 [hep-ph].
[61] A. J. Buras, JHEP 04, 071 (2016), arXiv:1601.00005
[hep-ph].
[62] M. Tanimoto and K. Yamamoto, PTEP 2016, 123B02
(2016), arXiv:1603.07960 [hep-ph].
[63] T. Kitahara, U. Nierste, and P. Tremper, Phys. Rev.
Lett. 117, 091802 (2016), arXiv:1604.07400 [hep-ph].
[64] M. Endo, S. Mishima, D. Ueda, and K. Yamamoto, Phys.
Lett. B762, 493 (2016), arXiv:1608.01444 [hep-ph].
[65] A. Crivellin, G. D’Ambrosio, T. Kitahara, and U. Nier-
ste, Phys. Rev. D96, 015023 (2017), arXiv:1703.05786
[hep-ph].
[66] M. Endo, T. Goto, T. Kitahara, S. Mishima,
D. Ueda, and K. Yamamoto, JHEP 04, 019 (2018),
arXiv:1712.04959 [hep-ph].
[67] C.-H. Chen and T. Nomura, JHEP 08, 145 (2018),
arXiv:1804.06017 [hep-ph].
[68] C.-H. Chen and T. Nomura, Phys. Lett. B787, 182
(2018), arXiv:1805.07522 [hep-ph].
[69] N. Haba, H. Umeeda, and T. Yamada, JHEP 05, 052
(2018), arXiv:1802.09903 [hep-ph].
[70] N. Haba, H. Umeeda, and T. Yamada, JHEP 10, 006
(2018), arXiv:1806.03424 [hep-ph].
[71] S. Matsuzaki, K. Nishiwaki, and K. Yamamoto, JHEP
11, 164 (2018), arXiv:1806.02312 [hep-ph].
[72] J. Aebischer, C. Bobeth, A. J. Buras, and D. M. Straub,
Eur. Phys. J. C79, 219 (2019), arXiv:1808.00466 [hep-
ph].
[73] C.-H. Chen and T. Nomura, Phys. Rev. D99, 115006
(2019), arXiv:1811.02315 [hep-ph].
[74] S. Iguro and Y. Omura, (2019), arXiv:1905.11778 [hep-
ph].
[75] Y. Amhis et al. (Heavy Flavor Averaging Group), Eur.
Phys. J. C77, 895 (2017), updated results and plots avail-
able at https://hflav.web.cern.ch/, arXiv:1612.07233
[hep-ex].
[76] N. B. Beaudry, A. Datta, D. London, A. Rashed, and
J.-S. Roux, JHEP 01, 074 (2018), arXiv:1709.07142 [hep-
ph].
[77] M. Beneke, G. Buchalla, M. Neubert, and C. T.
Sachrajda, Phys. Rev. Lett. 83, 1914 (1999), arXiv:hep-
ph/9905312 [hep-ph].
[78] M. Beneke, G. Buchalla, M. Neubert, and C. T.
Sachrajda, Nucl. Phys. B606, 245 (2001), arXiv:hep-
ph/0104110 [hep-ph].
[79] M. Beneke and M. Neubert, Nucl. Phys. B675, 333
(2003), arXiv:hep-ph/0308039 [hep-ph].
[80] M. Beneke, X.-Q. Li, and L. Vernazza, Eur. Phys. J.
8C61, 429 (2009), arXiv:0901.4841 [hep-ph].
[81] W. Buchmuller and D. Wyler, Nucl.Phys. B268, 621
(1986).
[82] B. Grzadkowski, M. Iskrzynski, M. Misiak, and
J. Rosiek, JHEP 1010, 085 (2010), arXiv:1008.4884 [hep-
ph].
